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EXPERIMENTAL ACUTE MONOLOBAR PULMONARY HYPERTENSIONt
Necrosis, fibrinoid changes, and cellular infiltrations of pulmonary arterioles
have been observed, among other alterations, in extreme pulmonary arterial
hypertension. Whether these lesions are the cause or the effect of the high
pressure, whether they are the consequence of spasm, or whether they are
produced by some other mechanism such as hypersensitivity, remains to be
established. Certainly there is a striking resemblance to the vasculitis seen in
the lungs in periarteritis nodosa," Wegener's granulomatosis," and the angi-
itis and granulomatosis described by Fienberg," all of which may be of
allergic pathogenesis. It is, however, the very diversity of the conditions in
which necrotizing lesions of pulmonary arterioles have been found-various
types of congenital heart disease with left to right shunt," functionally
common ventricle, severe chronic mitral stenosis,="' "primary" pulmonary
hypertension18`a-which suggests that these changes in the vessels are
associated with, or perhaps even produced by, the hypertension per se.
Historically, this concept had a gradual evolution. Although pulmonary
vascular lesions were noted in parenchymal disease of the lungs more than
120 years ago,' it was not until 1907 that Mbnckeberg' described "primary
arteriolar sclerosis" of the lungs. The tendency was at first to consider the
vascular lesions to be a cause of cor pulmonale. The idea that, on the con-
trary, pulmonary hypertension could be responsible for the vascular lesions
was first advanced by Moschcowitz in 1927. This suggestion had been
previously made with regard to systemic hypertension. A possible sequence
of events might then be: Arterial spasm, hypertension, ultimate damage to
vessels in consequence of either, or both, of the preceding.
Byrom and Dodson' demonstrated the occurrence of "fibrinoid necrosis" in
the renal vessels of rats subjected to sudden brief rises of arterial pressure in
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the range of 80-90 mm. Hg by intra-aortic injection of Ringer's solution.
Necrosis, and fibrinoid and other exudative changes have been induced
experimentally by the administration of adrenalin.' The prior administration
of dibenamine was noted to prevent both hypertension and lesions. These
experiments leave unanswered the question whether vasospasm, or the
hypertension itself, is the injurious factor.
In the attempt to produce pulmonary hypertension experimentally, three
approaches have been used: (i) Anastomosis of pulmonary to systemic
vessels; (ii) resection of pulmonary tissue in order to restrict the output of
the right ventricle to a reduced pulmonary arterial bed; (iii) embolization
of the pulmonary vascular tree.
Anastomosis of pulmonary to systentic vessels. Levy and Blalock' were
among the first to investigate the effects of anastomosing the left subclavian
artery to the distal end of the left pulmonary artery. In the 12 dogs of their
series, pressures justbeyond the anastomosis were only slightly elevated, and
the vessels of the lung were unchanged when studied histologically six
months afterthe operation.
A similar principle has been employed more recently by several groups of
workers. Muller, Dammann, and Head' observed medial hypertrophy and
zones of intimal proliferation when the distal left pulmonary artery was
anastomosed to the aorta, or when the left upper lobe pulmonary vein had
been connected surgically with the left subclavian artery a year previously.
The extent of the lesion was thought to be correlated directly with the size of
the anastomosis. Within the first week, vascular engorgement, intra-alveolar
hemorrhage, andredbloodcellsinthewalls ofthe vessels with a surrounding
polymorphonuclear reaction were described. At 11 weeks the vessels had
become thickened as a result of medial hypertrophy and intimal proliferation
andcollagenization.7 Theobservations of Ferguson et al.' were similar, after
anastomosis of the distal left pulmonary artery to a systemic artery. Upon
re-anastomosing the left pulmonary artery to its proximal stump following
a period of hypertension for the previous 6 to 8 months, the lesions were
interpreted to regress slowly over the subsequent 25 months.' Both of these
groups concluded that it was the mechanical influence of the increased blood
pressure that caused the vascular lesions.
Restriction of outflow. In dogs permitted to survive after resection of large
portions of lung tissue, systolic pressures have become elevated, but mean
pressures have not reached levels observed in man with "primary pulmonary
hypertension," norwith congenital heart diseaseaccompanied by large left to
right shunts, where necrosis and other changes in pulmonary arterioles have
beenfound. Themortalityfollowing resection ofall but the left upper lobefor
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examplel 6 was high, but in the few survivors the pulmonary arterial
pressures immediately after operation averaged 64/8. Postoperatively, there
was a tendency for these pressures to fall somewhat. It is noteworthy that
survival is more likely in animals in whom lung tissue has previously been
caused to distend by resecting the opposite lung at an earlier stage.' This
suggests an accommodative increase in size of vessels upon distention of
lung within certain limits. Overdistention of residual lung tissue after
resection of other lobes is undesirable, however.
Embolization of pulmonary vascular bed. The importance of the organiza-
tion of thrombi in the genesis of "arteriosclerosis" or "endarteritis" in
pulmonary arteries has been stressed. It has been suggested that "primary"
pulmonary hypertension may be in fact secondary to clinically inapparent
embolization with subsequent organization. C. V. Harrisone injected finely
comminuted blood clots into the ear veins of rabbits and produced "arterio-
sclerotic" changes in the pulmonary artery, which were interpreted to be
simply the result of organization of the clots. These views have been
supported also by Barnard,8 and by Thomas, O'Neal, and Lee,' on the basis
both of experimental work and studies of human tissues. In these observa-
tions the existence ofhypertension was merely inferred from the fact of right
ventricular hypertrophy. Actual measurements were made by Jaques and
Hyman' of pressures in the right ventricle after embolization. Transient
hypertension was observed! which was associated with apnea, and brady-
cardia, as in the Jarisch-Bezold syndrome, suggesting the operation of reflex
mechanisms. They postulated that repeated rapid rises in pulmonary arterial
pressure might be responsible for the necrotizing and exudative vascular
lesions which they found at necropsy. Fibrinoid necrosis was absent in these
animals. Since the injected material was not sterile, it may well be asked
whether some of the changes might not have been of bacterial causation.
Severe persistent hypertension was not observed in these animals.
The present experiments were designed to test whether an acute rise in
pulmonary arterial pressure approaching systemic levels over short intervals
of time could in itself result in damage to the pulmonary artery.
MATERIALS AND METHODS
The pulmonary vasculature of the left lower lobe in adult dogs was isolated into an
almost closed chamber by cannulating the lobar artery and obstructing the draining
pulmonary veins. Pressure in this system was increased by forcing heparinized blood or
0.9 per cent saline solution at the necessary rate into the cannula. Blood was withdrawn
from the systemic circulation to accommodate for the volume introduced into the
pulmonary artery with each episode of the artifically induced hypertension.
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Infusion cannula. The infusion cannula was designed (a) to make possible the
introduction of fluid under pressure without imparting significant frictional resistance
of its own, and (b) to permit the measurement of pressure at the end of the cannula.
It was a double-lumened tube of polyethylene (Fig. 1). The outer tube measured
3.76 mm. in internal diameter (PE 360) and was attached at one end to a glass T-tube,
the opposite end of which served for introducing fluid. Smaller polyethylene tubing
FIG. 1. Infusion cannula. The large outer polyethylene tube at the right is introduced
into the vessel. The inner tube is used to measure pressure. Its end projects farther into
the vessel than that of the outer tube. Fluid is introduced through the tube at the left
from the infusion apparatus (Fig. 2).
1.14 mm. internal diameter (PE 160) was introduced into the lumen of the outer tube
through the vertical limb of the "T" to which it was sealed watertight. The inner tube,
used for measuring the pressure in the left lower lobe pulmonary artery, was made to
project 3-4 mm. beyond the end of the infusion cannula.
Infusion apparatus. The pressure infusion apparatus (Fig. 2) consisted essentially of
two graduated chambers, a pressure bottle, and a suction bottle. The pressure bottle
itself (No. 3), was connected to an air pressure line. The latter was provided with a
bypass, at "C," for instantaneous release of pressure, and with a screw clamp pressure
control for fine adjustment. The pressure bottle was surrounded by a water jacket in
order to maintain the infusate at body temperature. The "T"-tube in the exit line to the
infusion cannula was connected to a 100 cc. syringe through a side arm by means of
which peaks of pressure could be suddenly applied to the pulmonary artery.
The suction bottle (No. 2) was used to remove blood from the animal in a volume
equal to that which was infused. It was connected to a suction line via a safety trap
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(No. 1). The blood was obtained at the appropriate time and rate from a femoral artery
cannulated for the purpose. The suction bypass at "A," furnished a method for
instantaneously releasing suction. Between infusions blood was admitted from the
suction bottle to the pressure chamber by unclamping, at "B," the short length of
tubing that connected them.
4-TO SUCTION
PRESS
IN F U S ION
I00 cc
|SYR'INGE APPARATUS
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FIG. 2. Infusion apparatus as used for introduction of blood into the vessels of the
left lung. Detailed explanation in text under "Materials and Methods."
The entire infusion apparatus was sterilized before use with "Zephiran" (Benzal-
konium chloride) 1: 1,000, and thoroughly washed with sterile 0.9 per cent saline
before use.
Snares. In order to occlude the left lower lobe pulmonary vein repeatedly but without
trauma, special snares were devised (Fig. 3). Three flanges were created on a segment
of polyethylene tubing and holes were placed in line on two sides to serve as a guide for
thin polyethylene tubing, or 2 mm. wide umbilical tape. "Zephiran" was used to
sterilize the snares.
Perfusant. An initial volume of several hundred cc. of blood was obtained aseptically
from a cross-matched heparinized (1X2 mgm./kg.) donor for the purpose of priming the
infusion apparatus. The donors were given 600,000 units of aqueous penicillin, and
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200 mgm. of streptomycin on the day previous to, and also on the day of the
exsanguination.
In one group of animals sterile 0.9 per cent saline was used as the perfusant.
Experimental procedure. The animals were fasted for 18 hours before the experiment.
Just prior to the operation penicillin and streptomycin were administered intramuscularly
as for the donors. Anesthesia was with pentobarbital sodium (30 mgm./kg.) intra-
venously. Polyethylene cannulas were placed in a femoral vein and in both femoral
arteries. The former was used for delivering heparin and the anesthetic solution as
needed. One of the arterial cannulas was used for recording systemic pressure with
a Sanborn electromanometer. The other was connected to the suction bottle (No. 2 in
Fig. 2) in order to keep the total blood volume of the animal in balance, when the
volume necessary to secure the desired pressure rise in the lobar pulmonary artery had
been infused. Positive pressure breathing was maintained with the aid of a Burns
demand pneumophore interposed between an oxygen tank and the intratracheal tube.
Access to the left pulmonary artery was obtained by an incision through the fifth left
intercostal space. Snares were placed about the left main pulmonary artery, the left
lower lobe pulmonary artery, and the single large pulmonary vein that drains this lobe.
The blood flow was not impeded until the appropriate moment in the experiment. The
left upper lobe pulmonary artery was tied distally and transected while the left main
pulmonary trunk was occluded by the snare. The infusion cannula was inserted via the
transected proximal stump of the left upper lobe pulmonary artery into the lower lobe
trunk, with the end of the outer element just distal to the snare that had previously
been placed about that vessel. It was then secured with an F silk tie and the outer tube,
which had previously been filled with perfusant, was attached to the infusion apparatus,
and the inner element was connected to the Sanborn pressure recorder. In some animals
pressures were also recorded with additional channels of this apparatus from the main
pulmonary artery and left atrium by passing fine polyethylene catheters into these
structures. Immediately after cannulation the animals were given heparin intravenously
in a dose of 1.5 mgm./kg.
The pressures were raised in the cannulated left lower pulmonary artery after pulling
tight the snares surrounding the cannula and the main left lower lobe pulmonary vein.
Fluid was rapidly infused until the required pressure was attained, and the desired
oscillations were produced with the aid of the syringe connected in the exit line of the
infusion apparatus. The total infusion times were obtained by increments of one minute,
with one- to five-minute rest periods between infusion.
When hypertension had been maintained for the planned interval of time, the cannula
was withdrawn, the stump of the left upper lobe pulmonary artery, by way of which it
had been inserted, was tied, and the snares were removed. A loose loop of silk, however,
was left in place of the snare about the vein to establish at the subsequent post-mortem
examination whether the principal drainage of the lobe had in fact been occluded. The
chest was closed in layers, negative intrapleural pressure was restored, and the animals
were permitted to recover. They were maintained on daily injections of penicillin and
streptomycin in the same dosage as during the preoperative period.
The animals were divided into three groups as follows:
Group I. Ten minutes of hypertension induced by infusion of blood into the
isolated vasculature of the left lower lobe, with pressures oscillating
between 50 and 100 mm. Hg, and with 20-60 oscillations in that range
per minute.
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yoke-like arrangement for the soft polyethylene tube, or umbilical tape, prevents injury
to the vein by crushing or undue torsion.
FIG. 4. Pressure changes during infusion with blood. Infusion pressure along bottom
tracing. Systemic arterial pressure at top. As the infusion pressure is maintained between
50 and 100 ml. Hg, there is a drop in the systemic arterial pressure and, after an initial
tachycardia, a slowing of the heart. Each space as delineated by the solid upright lines
represents approximately two seconds.Pulmonary hypertension I BRENNEMAN, LIEBOW
Group II. As with group I, but with a total of 20 minutes of hypertension.
Group III. Hypertension induced by infusion of sterile 0.9 per cent saline with
pressures oscillating between 100 and 150 mm. Hg for a total of ten
minutes but otherwise as in group I.
Animals of each group were sacrificed at 3, 5, and 7 days after the induced hyper-
tension by an overdose of sodium pentobarbital, and the necropsy was performed at
once. In each instance smears and cultures were made of tissue obtained aseptically
from the left lower lobe. The smears were stained with the Gram stain. Cultures were
made on blood agar plates and on brain-heart infusion, and thioglycollate broths.
Blocks of the left lower lobe were prepared for comparison with tissue from the right
lung. The fixative was 10 per cent neutral formalin. Sections were stained with
hematoxylin and eosin, and, after mordanting with HgCls, with Lendrum's picro-
Mallory, a method especially useful for the demonstration of fibrinoid material.
OBSERVATIONS
Observations during acute pulmonary hypertension. To bring the pressure
in the left lower lobe pulmonary artery to the desired level it was necessary
to infuse several hundred ml. of blood at a rapid rate. At a certain point,
infusion of very little additional fluid was sufficient to raise the pressure
suddenly. Pressure peaks could then be maintained by small increments of
perfusant from the syringe that had been attached for the purpose to the
infusion line (Fig. 4).
Only in one animal was it established that a small pulmonary vein from
the left lower lobe had not been ensnared during the infusion. This animal
required more than the usual infusion to attain the desired pressure. In the
others, venous egress of blood from the lobe could take place only by way of
bronchial venules along the major bronchi. These are notably small in the
dog.1' These observations, then, bespeak the enormous distensibility of the
-vasculature of the lung. Other evidence for this has been established by
the observation that as much as a three to fourfold increase in right cardiac
output above the normal resting level can be accommodated without rise in
pulmonary arterial pressure.'' The same is indicated after resection of
pulmonary tissue or ligation of vessels as described above.
In animals ofgroup III where the infusion pressure oscillated between 100
and 150 mm. ofmercury, considerable leakage ofthe saline perfusant into the
air spaces took place. Thus in one dog, approximately one-fourth of the
volume of saline infused into the left lower lobe pulmonary artery was
recovered from the trachea. When heparinized blood was infused, in animals
of group I and II, there was evidence also of intra-alveolar hemorrhage, but
this was remarkably slight.
The gross appearance of the lung during infusion was remarkable. It
became enlarged, tense, and firm, like erectile tissue. The gross appearance
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was not unlike that of liver, but the color was a brilliant rather than a
cyanotic red. Blood used for the infusion was fully oxygenated.
Developmental experinents. Five of the 21 animals died during the opera-
tion or shortly thereafter, chiefly during the time when the infusion
apparatus, cannulas, and techniques were being developed into their final
form. Most ofthese animals suffered from excessive rupture of the capillaries
with accumulations of blood and fluid in the infused lobe. Another expired
several days postoperatively from bilateral pneumonitis. This was the only
animal in the entire series of 21 who developed an obvious pneumonia.
Four other animals studied during the developmental period survived for
the designated interval postoperatively (5-7 days) and were then sacrificed.
The general plan of the experiment was that of animals in group I, but
various types of cannulas were used for infusion, and there were other
deviations in procedure from that which was finally adopted. They were
therefore not included in the final groupings despite the fact the results were
not essentially different.
Observations on animals of groups 1 and II. It appeared to make little
difference whether the pulmonary artery pressure was maintained for
approximately 10 or for the 20minutes, at between 50 and 100 mm. Hg peak
pressure. There were four animals in eachgroup. One dog in each group was
sacrificed at three, two at five, and one at seven days postoperatively. It is
remarkable that even at three days, the lobe that had been subjected to the
hypertension deviated little from the others grossly, in contrast to its
appearance immediately after operation. It was now pink but slightly firmer
and less crepitant than the remainder of the lung tissue. Several of the dogs
had small foci of atelectasis. The left pleural cavity had merely fibrinous
adhesions and did not contain an excess of fluid in most of these animals. In
two there were 20 and 100 cc. respectively of clear serous fluid on the left
side. In another a few adherent clots were present. The main left lower lobe
pulmonary arteryand its grosslyvisiblebranches were in all instances patent.
Microscopically, in three lungs of group I and in one of group II, thrombi
were found in some of the smaller pulmonary arterioles. These might possi-
bly not have originated in situ but have come as emboli from the more
proximal parts of the left pulmonary artery that had been subjected to
transection and cannulation. The walls of these arterioles did not show
fibrinoid changes, necrosis, or significant cellular infiltrations. There was
residual interstitial edema of the connective tissue of the lung and remark-
ably little intra-alveolar hemorrhage. Some of the red blood cells had been
phagocytosed, and hemosiderin had already been formed, especially after
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the fifth day. There was no actual necrosis of parenchyma to suggest
infarction.
Direct smears of the left lower lobe for bacteria were negative in every
instance, and in three of these animals the lungs were also sterile upon
culture. In the other dogs of groups I and II, the cultures yielded in four a
Gram-positive bacillus, and in one a Gram-negative bacillus. These findings
are not surprising, since it is well known that the blood of dogs frequently
contains these organisms in the absence of known disease. There was no
evidence of a bacterial pneumonitis in animals of these two groups.
Observations on animals of group III. In two animals of group III the
pressure had been made to oscillate between 100 and 150 mm. Hg for a total
of 10 minutes, but in the third it was not possible to reach pressure peaks in
excess of 100 mm. ofmercury, since the saline rapidly entered the respiratory
passages. Despite this indication of ruptured vessels, the animal survived in
apparent good health for seven days after the infusion. The gross and micro-
scopic appearances were similar to those of animals in groups I and II.
Onlyone of the threehad thrombi in small pulmonary arteries. Smears were
again negative in all instances as were cultures in one dog, but in one a
Gram-positive rod was cultured and in a third a pseudomonas grew in the
thioglycollate brath.
Reflex phenomena. Although considerable dissection was required to
accomplish the cannulation without excessive loss of blood, some of the
animals exhibited slight systemic hypotension and bradycardia when the
pressure in the left lower lobe pulmonary artery was elevated (Fig. 4). This
confirms observations of Churchill and Cope,8 and of Downing," but in the
more restricted field of a single lobe, rather than in the entire lung. A sys-
tematic and detailed study of reflex phenomena was not made in animals of
the present series. Robicsek' found evidence of general pulmonary vaso-
spasm when pressure in a single vein of an isolated lobe was raised by
retrograde infusion.
DISCUSSION
It was thought that an analysis of various factors that could lead to
necrotizing and exudative changes in the pulmonary arteries could best be
begun simply by raising the intravascular pressures in the lung. Allergenic
materials could be avoided by the use of saline solutions or blood of the same
animal. Furthermore, anoxia could beprevented by the useof fully saturated
oxygenated blood as the perfusant and maintaining ventilation in the lung.
Actually, however, there is evidence that raising the pressure in pulmonary
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vessels is not a simple mechanical process, but that it may be accompanied
by reflex arteriolar spasm inthe lung itself. This is suggested for example, by
observations of Wood, Besterman, Towers, and McIlroy.' They found that
acetylcholine would reduce pulmonary vascular resistance in instances of
severe mitral stenosis, thus demonstrating that the hypertension was
associated with the presence of precapillary factors, as well as with the
postcapillary barrier of the stenotic valve.
The absence of significant changes in the pulmonary arteries when these
were subjected to sharp sudden elevations in pressure may be interpreted in
several ways. Firstly, one may question whether the pressure rise in the
arterioles was as high as was recorded. The design of the cannula as finally
employed is such that the pressure is obtained at a point well beyond the end
of the infusion cannula. Moreover, flow had practically ceased when the
desired pressure level hadbeenattained, and thus it is reasonable to conclude
that pressure in the proximal segment of the left lower lobe pulmonary
artery reflected that in the smaller arteries. Rupture of vessels with intra-
alveolar hemorrhage was further evidence that the smaller vessels were
subjected to a high pressure. Pressure in the ensnared venous segment
draining the lobe was, however, not measured.
Secondly, it may be that although the pressure to which the pulmonary
vessels were subjected was certainly of a magnitude associated with severe
vascular changes when chronically maintained, the duration of the hyper-
tension was insufficient. It is doubtful that the experiments could have been
prolongedbeyond the totalof20minutes of hypertension at levels of 100 mm.
Hg or above, despite the "rest periods," without producing massive intra-
alveolar hemorrhage. If, as has been suggested by Lendrum,' fibrinogen is
forced into the walls of vessels exposed to excessively high intraluminal
pressure, it might be expected that 20 minutes would suffice for the process.
The dogs of Waters and de Suto-Nagy's' experiments were subjected to
hypertension over periods of approximately one hour. The experiments of
Byrom and Dodson which resulted in the production of arteriolar lesions
were of even briefer duration.
A third possibility is that it is not the pressure rise but rather spasm that
damages thevessels, and that the dissection necesary to introduce the cannula
had damaged nerve fiber, that may be concerned in evoking the spasm. This
is not to be denied, inasmuch as pressure in the main pulmonary artery was
not altered. Reflex activity involving pathways from the lung to other
structures was demonstrated, however, in some of the animals who exhibited
bradycardia and systemic arterial hypotension when the pulmonary arterial
pressure was elevated.
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Fourthly, it may be that hypertrophy of muscle such as that which has
been found in chronic pulmonary arterial hypertension, is necessary before
acute vascular changes will result from sudden high peaks of pressure. This
seems unlikely, since acute lesions have been observed in pulmonary arteri-
oles as large as 450 microns in cross-sectional diameter which are normally
endowed with smooth muscle. Nevertheless, the suggested possibility
remains to be investigated.
SUMMARY AND CONCLUSIONS
The effects onthepulmonary vasculature of acute pulmonary hypertension
were investigated in the previously normal dog. When pulmonary arterial
pressures in a single lobe were repeatedly oscillated between 50 and 100 mm.
of Hg by infusions of blood for a total period of as long as 20 minutes while
the draining veins were temporarily occluded, or between 100 and 150 mm.
of mercury by infusions of salinefor atotalof 10 minutes, no vascular lesions
except thromboses of occasional small vessels were observed. High pressure
whenmaintained over these short intervals does not in itself produce passage
of fibrinogen into the wall. The lungs recover remarkably well from the
intense congestion observed during the period of hypertension, with little
residual hemorrhage.
The observedabsenceof vascular lesions may be because the hypertension
is of insufficient duration, or because spasm of pulmonary arterioles has not
occurred as a result ofinterference with nervouspathways, or finally, because
a preliminary phase of muscular hypertrophy in the pulmonary arterioles is
necessary. Experiments of another design are necessary to test these and
other possibilities.
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